and Fe 3? in the Me III positions were synthesized by coprecipitation method. Detailed studies of thermal transformation of obtained LDHs into metal oxide systems were performed using high temperature X-ray diffraction in oxidising and reducing atmosphere, thermogravimetry coupled with mass spectrometry and temperature-programmed reduction. The LDH samples calcined at 600 and 900°C were tested in the role of catalysts for selective oxidation of ammonia into nitrogen and water vapour. It was shown that all copper congaing samples presented high catalytic activity and additionally, for the Cu-Mg-Al and Cu-Mg-Fe hydrotalcite samples calcined at 600°C relatively high stability and selectivity to dinitrogen was obtained. An increase in calcination temperature to 900°C resulted in a decrease of their catalytic activity, possibly due to formation of well-crystallised metal oxide phases which are less catalytically active in the process of selective oxidation of ammonia.
Introduction
Hydrotalcite-like compounds belong to a group of layered double hydroxides (LDHs) n-is an interlayer n-valent anion. Typically, the x value in hydrotalcites is in the range from 0.20 to 0.33 [1] . It is possible to produce hydrotalcite-like materials containing various di-(e.g. Mg, Cu, Co, Ni, Zn) and trivalent (e.g. Al, Ni, Co, Fe, Cr) cations as well as different interlayer anions (e.g. CO ). Thermal treatment of hydrotalcite-like materials results in the formation of mixed metal oxides. Phase composition of the calcination products is dependent on chemical composition of LDH precursor, calcination temperature and the atmosphere during heating (oxidising, reducing) [1] . Rock salt-type M II O and spinel-like oxides are usually identified in powder X-ray diffraction (XRD) patterns of the LDH-related mixed oxides. Therefore, to a large extent, both chemical as well as phase composition of the metal oxide systems can be controlled by the selection of suitable chemical composition and calcination conditions of the hydrotalcite-like precursors. Thermal decomposition of Mg-Al hydrotalcites is well documented: the formation of the MgO phase starts at about 400°C and an increase in calcination temperature results in formation of MgAl 2 O 4 spinel, together with MgO, above 900°C [e.g. 2, 3] . The crystallinity of these phases increases with increasing calcination temperature and depends also on the Mg/Al ratio in hydrotalcite precursors. There are also some reports describing thermal decomposition of Cu-Mg-Al hydrotalcite-like materials [e.g. [4] [5] [6] [7] . Again, the formation of various phases depends on composition of hydrotalcite precursors as well as calcination temperature. Kovanda et al. [5] observed formation of the well-crystallised tenorite (CuO) phase from a Cu-containing hydrotalcite sample calcined at 400°C. An increase in calcination temperature resulted in the appearance and then an increase of the crystallinity of the MgAl 2 O 4 and CuAl 2 O 4 spinel phases. At temperatures as high as 900-1000°C reflections characteristic of CuO disappeared but gueggonite (2CuOÁMgO) was detected. On the other hand, Chmielarz et al. [8] reported the formation of amorphous CuO for the Cu-Mg-Al hydrotalcite precursors calcined at 800°C and copper containing spinel phases for the samples calcined at higher temperatures. Another interesting metal oxide system can be obtained from the Zn-Al hydrotalcite-like precursors [9] . The hydrotalcite structure of such samples decomposes at about 300°C. An increase in calcination temperature to 600°C resulted in formation of the wellcrystallised zinc oxide phase, while ZnAl 2 O 4 spinel was detected for the samples calcined at 700°C. Ferreira et al. [10] studied thermal decomposition of Mg-Fe hydrotalcite-like materials using XRD, thermogravimetric analyses and Mössbauer spectroscopy. Authors reported destruction of layered structure at about 300°C and formation of the MgO and MgFe 2 O 4 spinel phases at temperature above 500°C. This paper presents a study of the thermal transformations of hydrotalcite-like materials containing Mg-Cu-Fe, Cu-Zn-Al and Cu-Zn-Fe, which are significantly less studied than the above-mentioned Mg-Al, Cu-Mg-Al and Zn-Al systems.
Hydrotalcite-like materials, as-prepared or calcined, have been found to be active catalysts in various processes. The Mg-Al oxides systems were reported to be effective catalysts for phenol alkylation [11] , condensation of nitroaldols to nitroalcohols [12] or epoxidation of various allylic alcohols [13] . Cu-Mg-Al hydrotalcite-like materials were used as catalysts for Bayer-Villiger oxidation of ketones [14] . Their calcined forms were used in the oxidative coupling of phenylethyne [15] , adsorption and oxidation of ammonia [16] , N 2 O decomposition [17] as well as in decomposition and reduction of nitrogen oxides and sulphur oxides [e.g. 6, [18] [19] [20] [21] . The Zn-Al oxide systems were reported to be active catalysts of Friedel-Crafts alkylation of benzene [22] as well as UV-assisted methyl orange decomposition [23] . The catalysts based on Cu-Zn-Al hydrotalcites presented high performance in wet hydrogen peroxide oxidation of phenol [24] . Moreover, they are widely tested in the role of water-gas shift catalysts [e.g. 25, 26] . Our previous studies have shown that Cu-Mg-Fe hydrotalcites are excellent precursors of active catalysts for the selective oxidation of ammonia [27] .
Hydrotalcites and the metal oxide systems obtained by their thermal treatment are clearly of great potential for catalysis; however, their catalytic performance depends on conditions of the hydrotalcite precursor synthesis as well as their thermal transformation into metal oxide systems. The present work is focussed on the mechanism of thermal decomposition of hydrotalcite-like materials containing magnesium, copper, zinc, iron and aluminium and optimisation of the calcination conditions leading to active and selective catalysts of ammonia oxidation to nitrogen and water vapour. This process is important to control emission of toxic ammonia into the atmosphere. Ammonia is used as a reactant or produced as a by-product in many chemical processes (e.g. nitric acid and nitrogen fertilizer production, urea manufacturing, hydrodenitrification process, DeNO x process). The selective catalytic oxidation of ammonia by oxygen to nitrogen and water vapour is considered as one of the most promising methods for the removal of NH 3 from oxygen containing waste gases [e.g. [28] [29] [30] .
Experimental

Sample preparation
The hydrotalcite-like samples with the intended Mg(Zn)/ Cu/Al(Fe) molar ratios of 2.0/0.0/1.0 and 1.4/0.6/1.0 were synthesized by a co-precipitation method using aqueous solutions of the following metal nitrates: Mg(NO 3 
A solution of NaOH (POCh) was used as a precipitating agent. The solutions of nitrates and NaOH were simultaneously added to a vigorously stirred solution containing Na 2 CO 3 (POCh). The pH was maintained constant at 10.0 ± 0.2 by dropwise addition of NaOH solution. The obtained slurry was stirred at 60°C for a further 30 min, filtered, washed with distilled water and dried. The samples were calcined in an air atmosphere at 600 or 900°C for 12 h and then were kept in a desiccator in order to avoid the reconstruction of the hydrotalcite structure.
Sample characterisation
The chemical composition of the samples was determined by the AAS method using Varian AA880 spectrometer. Prior to the measurement the sample (50 mg) was mineralised in 2 mL of 35 % hydrochloric acid and boiled for 5 min. The experimental error of this analysis was estimated to be about 3 %.
Specific surface area of the calcined hydrotalcite samples was determined by low-temperature nitrogen adsorption (BET) method using Quantasorb Junior sorptometer (Ankersmit). Prior to the nitrogen adsorption at -196°C the samples were outgassed in nitrogen atmosphere at 250°C for 2 h.
Thermal decomposition of the hydrotalcite samples was studied using thermogravimetric method coupled with MS analysis of evolved gases. The thermogravimetry coupled with mass spectrometry measurements were carried out using a Mettler Toledo 851 e operated under a flow of synthetic air (80 mL min -1 ) in the temperature range of 25-1000°C with a heating rate of 10°C min -1 . The gases evolved during the thermal decomposition process were continuously monitored by quadrupole mass spectrometer ThermoStar (Balzers) connected on-line to the microbalance.
In situ high temperature XRD (HT-XRD) measurements were carried out in the temperature range of 30-900°C with steps of 50°C in air or 5 vol% of H 2 diluted in nitrogen using a Bruker D8 Advance X-ray diffractometer (Cu Ka1/2 radiation, k = 1.5418 Å ) equipped with a high temperature, reactive-gas chamber (Anton Paar XRK 900). Measurements were performed with a sequential temperature increase of 5°C min -1 and with no temperature holding time before each analysis. Additionally, XRD patterns of the as-synthesized and calcined (600 and 900°C) samples were recorded using a D2 Phaser diffractometer (Bruker) using Cu Ka1 radiation (k = 1.54060 Å ).
The reducibility of the samples was studied by temperature-programmed reduction method (H 2 -TPR). Experiments were carried out in a fixed-bed flow microreactor starting from room temperature to 1100°C, with a linear heating rate of 5°C min -1 . H 2 -TPR runs were carried out in a flow (6 mL min -1 ) of 5 vol% H 2 diluted in Ar (N5 quality, Messer). Water vapour was removed from effluent gas by means of a cold trap. The evolution of hydrogen was detected by micro volume TCD (Valco).
Catalytic studies
The hydrotalcite samples calcined at 600 and 900°C were tested as catalysts for the selective oxidation of ammonia to nitrogen and water vapour. Catalytic tests were performed in a fixed-bed flow microreactor system. The analysis of the reaction products was performed using QMS detector (PREVAC). Prior to the activity tests the sample of catalyst (100 mg) was outgassed at 600°C for 1 h in a flow of pure helium (20 mL min . The studies were performed in the temperature range of 150-500°C with a linear heating rate of 10°C min -1 . Additionally, for the selected, most active catalysts long-term stability tests in isothermal conditions were done. The procedure of the sample outgassing and the composition of the reaction mixture were the same as in the case of the polythermic catalytic tests.
Results and discussion
The surface area (S BET ) of the samples calcined at 600 and 900°C as well as the results of their chemical analysis are shown in Table 1 . It should be noted that the determined chemical composition of the samples is very similar to the intended composition. Only small discrepancies were found in the content of aluminium and iron. Surface area of the samples depends on both chemical composition as well as calcination temperature. It was found that a series of the Mg-containing samples has higher surface area compared to the Zn-containing samples. Incorporation of copper into the samples reduced their surface area. The replacement of aluminium for iron decreased the surface area; however, in this case described effect was much more significant. An increase in calcination temperature from 600 to 900°C dramatically diminished the surface area of the samples.
X-ray diffractograms of the dried samples, presented in Fig. 1 (bottom part) , are characteristic of the hydrotalcite structure without any reflections of the other possible phases. The only exception is the Cu 0.6 Zn 1.4 Fe 1.0 sample, which is very amorphous. The sharp diffraction lines of low intensity correspond to ZnO. (Fig. 1c ). An increase in calcination temperature to 900°C resulted in an increase in the intensity of peaks formed at lower temperatures and the appearance of new reflections characteristic of Cu 2 MgO 3 . Also the presence of Fe 2 O 3 cannot be excluded because its characteristic reflections overlap with peaks of the other phases. Figure 1d shows diffractograms of the Zn 2.0 Al 1.0 sample calcined at 600 and 900°C. Calcination at lower Apart from XRD analysis of the samples calcined at 600 or 900°C for 12 h, the changes in phase composition of the samples induced by thermal treatment were studied by in situ HT-XRD measurements in oxidising (air) and reducing (5 vol% H 2 in N 2 ) atmospheres. In this case temperature was increased with a linear rate of 5°C min 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 . Therefore, the CuO and CuAl 2 O 4 phases were identified in its diffractogram (Fig. 1b) . It should also be noted that long calcination process significantly increased crystallinity of the identified phases.
The structure of Cu 0.6 Zn 1.4 Al 1.0 hydrotalcite was stable to about 100-150°C both in oxidising and reducing atmospheres (Fig. 3) O 4 , is excluded in the high temperature range due to redox properties of copper [42] . Formation of metallic copper, which is a possible product of CuO and CuAl 2 O 4 reduction was observed from temperature about 250°C and is represented by reflections at 44, 51 and 73°.
The main difference in the phase composition of the Cu 0.6 Zn 1.4 Al 1.0 sample treated in oxidising atmosphere for shorter (HT-XRD, Fig. 2d) and longer (12 h, Fig. 1e ) times is related to the presence of Cu 1? containing phases (CuAlO 2 and possibly also Cu 2 O) identified only in the former experiment and the presence of CuO which was found only in the latter measurements. It seems that re-oxidation of Cu 1? present in CuAlO 2 and Cu 2 O occurred during cooling the sample calcined at 900°C and, therefore, CuO and spinel phases were identified (Fig. 1e) . It should be noted that an increase in thermal treatment duration increased the crystallinity of ZnO, CuO and spinel phases present in this sample. Figure 4 summarises the changes in the phase composition of the hydrotalcite-like samples that occurred during their thermal treatment in oxidising and reducing atmosphere (determined from in situ HT-XRD). For each phase representative reflections were used to estimate crystallite sizes at a given temperature. Peak broadening was used to calculate crystallite size using Sherrer equation:
in which k is the crystallite size, k is the wave length, b is the peak broadening, h is the peak position. In Fig. 4 grey stripes represent phases and their width corresponds to crystallite size. For selected phases, if more that one peak was possible to use for calculations, discrepancies between calculations results were indicated as dotted lines. The original HT-XRD diffractograms were attached as supplementary file. The analysis of the phase composition of the samples was based on the following reports [38] [39] [40] [41] [42] [43] [44] [45] .
The main conclusions of the in situ HT-XRD studies are: (i) Mg-containing hydrotalcite-like materials are characterised by lower crystallinity than the Zn-containing samples; (ii) in general, thermal decomposition of the hydrotalcite structure occurs at temperatures below 250°C, both in oxidising and reducing atmosphere; (iii) the formation of poorly crystallised MgO and ZnO was observed both in oxidising and reducing atmosphere at temperature above 250°C and the crystallinity of these phases increased with an increase in temperature; (iv) depending on the hydrotalcite composition the formation of various spinel phases as well as copper and iron oxides was detected at elevated temperatures; (v) part of copper present in the samples was thermally reduced to Cu 1?
(Cu 2 O and CuAlO 2 ) in oxidising atmosphere at high temperatures; (vi) reduction of copper and iron containing phases into metallic copper and iron was observed only in reducing atmosphere; (vii) comparison of diffractograms recorded for the calcined samples and in situ HT-XRD for the as-prepared samples shows that duration of thermal treatment (calcination) influences phase composition and crystallinity of the indented phases. The TG-QMS method was another technique applied for study of thermal decomposition of the catalyst precursors. The thermal behaviour of hydrotalcites is generally characterised by two main transitions: (i) the loss of interlayer water without collapse of the hydrotalcite structure at low temperature and (ii) the loss of hydroxyl groups from the brucite-like layers and decomposition of interlayer anions at higher temperature [e.g. 2, 46, 47] . It must be underlined that these decomposition stages strongly depend on the cationic composition of the layers. Thermal decomposition of the Mg 2.0 Al 1.0 sample proceeded in two stages (Fig. 5a) . The first peak, centred at 198°C, is related to removal of interlayer water, and the unresolved double DTG minima at 327 and 400°C are caused by the evolution of water vapour produced by dehydroxylation of OH -anions from brucite-like layers. The evolution of CO 2 and NO is related to thermal decomposition of interlayer anions (CO 3 2-and NO 3 -). It should be noted that a small amount of carbonates was stable at temperatures higher than 600°C.
Partial substitution of Mg cations with Cu ions resulted in modification of the thermal decomposition pattern (Fig. 5b) . The removal of interlayer water from Cu 0.6 Mg 1.4 Al 1.0 was detected at 176°C, so at a temperature 22°C lower than Mg 2.0 Al 1.0 . Two DTG peaks centred at 279 and 366°C are ascribed to dehydroxylation of the brucite-like layers and thermal decomposition of interlayer carbonate anions. Also, these stages of Cu 0.6 Mg 1.4 Al 1.0 decomposition occurred at temperatures lower than that observed for Mg 2.0 Al 1.0 . Therefore, it could be concluded that incorporation of Cu cations into brucite-like sheets decreased the thermal stability of Mg-Al hydrotalcite. The presence of a high temperature peak (at 628°C) related to the evolution of CO 2 should also be noted. Therefore, it seems that thermally stable carbonates are present in this sample.
Substitution of iron for aluminium in Cu 0.6 Mg 1.4 Al 1.0 hydrotalcite resulted in additional decrease in its decomposition temperature (Fig. 5c) . The release of interlayer water from Cu 0.6 Mg 1.4 Fe 1.0 occurred at 127°C, while dehydroxylation of the brucite-like layers was observed in the range of 200-400°C. The main peaks of CO 2 and NO evolution, which are the products of thermal decomposition of interlayer CO 3 2- and NO 3 -anions, were centred at about 370°C. It should also be noted that in this case a small amount of carbonates was present in the sample at temperatures higher than 600°C.
A maximum of interlayer water evolution from Zn 2.0 Al 1.0 hydrotalcite was found at 174°C, while the peak at 240°C is associated to dehydroxylation of the brucitelike layers (Fig. 6a) . Dehydroxylation temperature of ZnAl hydrotalcite is lower than that measured for Mg-Al, which could be related to the different strengths of the Zn-OH and Mg-OH bonds. Such an effect was previously reported by Seftel et al. [48] . The evolution of CO 2 and also a small amount of NO, which occurred in the range of 400-800°C, shows the high stability of carbonate and nitrate anions present in this sample. Similar to the previously described hydrotalcite samples, thermal decomposition of Cu 0.6 Zn 1.4 Al 1.0 proceeded in two main steps (Fig. 6b) . Removal of interlayer water took place at about 170°C, while dehydroxylation at about 230°C, so at temperatures very similar to those observed for decomposition of Zn 2.0 Al 1.0 hydrotalcite. The evolution of CO 2 , which was formed by thermal decomposition of interlayer Evolution rate/a.u. Evolution rate/a.u. CO 3 2-anions, occurred in the range of 500-700°C. Only small amounts of NO were produced from decomposition of NO 3 -anions at temperature below 600°C. As was mentioned previously, XRD studies showed that Cu 0.6 Zn 1.4 Fe 1.0 , in contradiction to the described above samples, does not exhibit the hydrotalcite-like structure (Fig. 1f) . Therefore, it is not surprising that results of TG-QMS obtained for Cu 0.6 Zn 1.4 Fe 1.0 are different from those measured for the hydrotalcite-like samples (Fig. 6c) . First of all, the mass loss is significantly lower (16 wt%) for Cu 0.6 Zn 1.4 Fe 1.0 compared to the hydrotalcite-like materials (32-42 wt%). The evolution of water vapour was observed at temperatures below 500°C and proceeded in three steps (72, 161, 272°C). However, it should be noted that the amount of formed water vapour is significantly lower than for the hydrotalcite-like samples. Carbon dioxide was the main gaseous product of the Cu 0.6 Zn 1.4 Fe 1.0 decomposition. A broad maximum of CO 2 evolution was centred at about 350°C. Also, the amount of NO emitted from the sample was significantly larger compared to the hydrotalcite-like samples. Thus, it seems that apart from the ZnO phase, which was identified by XRD, this sample contains amorphous carbonates and nitrates.
The reducibility of hydrotalcite-like materials calcined at 600 and 900°C was studied by temperature-programmed reduction (H 2 -TPR). The results of these studies are presented in Fig. 7 . The TPR pattern of the Cu 0.6 Mg 1.4 Al 1.0 sample calcined at 600°C (HT-600-Cu 0.6 Mg 1.4 Al 1.0 ) contains a sharp peak centred at 223°C with a small shoulder at 230°C (Fig. 7a) . According to our previous study [27] , this low-temperature peak could be attributed to the reduction of highly dispersed copper oxide species, which include isolated copper ions and small 2D and 3D clusters. An increase in calcination temperature resulted in splitting of this reduction peak into two peaks located at 223 and 252°C.
The first peak, similar to the results obtained for the sample calcined at 600°C, is attributed to the reduction of isolated and small copper oxide clusters, while the peak located at higher temperature (252°C) is related to the reduction of copper in CuAl 2 O 4 and bulky CuO clusters [8, 49] . Both these copper containing phases were identified by XRD analysis. The reduction of copper oxide species in Cu-Zn-Al hydrotalcite calcined at 600 and 900°C occurred at higher temperatures compared to the calcined Cu 0.6 Mg 1.4 Al 1.0 sample (Fig. 7c) . This is not surprising, as it was shown by XRD studies (Fig. 1 ) that the crystallinity of the CuO phase detected in the Cu 0.6 Zn 1.4 Al 1.0 sample, especially that calcined at 900°C, is higher compared to Cu 0.6 Mg 1.4 Al 1.0 . The same effect was observed for spinel the phases, possibly also including CuZn 2 O 4 . Similar to the Cu 0.6 Mg 1.4 Al 1.0 sample, an increase in calcination temperature from 600 to 900°C resulted in a shift of the reduction peak recorded for Cu 0.6 Zn 1.4 Al 1.0 to higher temperatures due to the formation of larger and better crystallised copper oxide phases, which were identified by XRD studies (Fig. 1) . The broad reduction peak located at about 665°C is related to the reduction of ZnO to metallic zinc [50] , while the roughness of reduction plots observed above 800°C is probably a result partial sublimation of metallic zinc [51] . The reduction profiles of the samples containing both copper and iron are much more complex (Fig. 7b, d ). For the calcined Cu 0.6 Mg 1.4 Fe 1.0 samples, peaks related to the reduction of the copper oxide phases appeared in the low temperature range (T \ 350°C), while at higher temperatures peaks related to the reduction of various iron oxide species were found (Fig. 7b) . 2D and 3D clusters [52] [53] [54] [55] [56] , while the peak at 227°C is associated with the reduction of more aggregated copper oxide species. An increase in calcination temperature to 900°C resulted in a shift of these peaks to higher temperatures (260-380°C). This effect could be explained by the formation of bulky copper oxide species at elevated calcination temperature, which are characterised by lower reducibility [52] [53] [54] [55] [56] [55, 57] :
Therefore, the reduction peak at 525°C for the sample calcined at 600°C and peak located at 565°C for the sample calcined at 900°C are probably related to reduction of the spinel phases to FeO. Strobbe et al. [58] showed that due to the low stability of FeO, which can be easily reduced to metallic iron, the more stable solid solution (FeO) x Á(MgO) 1-x can be formed when a well-dispersed MgO phase is present. The presence of (FeO) x Á(MgO) 1-x phase was confirmed by XRD studies performed in reducing atmosphere (supplementary file). Taking into account that for the Cu 0.6 Mg 1.4 Fe 1.0 sample calcined at 600°C there is less crystallised MgO and iron oxide phases, the contact between these phases is better and, therefore, the stabilisation of FeO in the form of (FeO) x Á(MgO) 1-x solid solution is preferred compared to the sample calcined at 900°C containing much better crystallised MgO and iron oxide phases. Of course, the reduction of more stable (FeO) x Á(MgO) 1-x solid solution occurred at temperatures higher than the less stable FeO and proceeded across a broader temperature range. The H 2 -TPR profiles obtained for the Cu 0.6 Zn 1.4 Fe 1.0 sample calcined at 600 and 900°C contain sharp lowtemperature peaks related to the reduction of copper in oxide species (CuO and possibly also CuFe 2 O 4 ) located at 275 and 330°C, respectively (Fig. 7d) . The shift of this peak to higher temperatures is a result of the thermally induced transformation of small copper oxide species into larger bulky clusters, which exhibit lower reducibility [52] [53] [54] [55] [56] 2 ) are possible side products of the ammonia oxidation process. Activity tests were performed for the catalyst samples calcined at 600 or 900°C as well as without catalyst for comparison. The results of the study performed in the absence of catalyst are presented in Fig. 8 . Ammonia oxidation started at about 375°C and its conversion slowly increased to 13 % at 500°C. Dinitrogen was the main reaction product; however, the formation of NO and N 2 O was also detected. NO 2 was not detected. Figure 9 presents the results of catalytic tests performed for the Mg 2.0 Al 1.0 and Zn 2.0 Al 1.0 samples calcined at 600 or 900°C. The reaction started at about 250-300°C and the NH 3 conversion slowly increased with an increase in reaction temperature. In the case of the samples calcined at 600°C the best activity was found for HT-600-Zn 2.0 Al 1.0 , which was able to convert about 80 % of ammonia at 500°C. The selectivity to dinitrogen obtained in the presence of this sample was much higher than for HT-600-Mg 2.0 Al 1.0 . An increase in calcination temperature of these catalysts to 900°C resulted in their catalytic activation, especially in the case of HT-900-Mg 2.0 Al 1.0 , which was able to convert more than 95 % of ammonia, mainly to dinitrogen. Partial replacement of magnesium or zinc for copper significantly activated the catalysts in the ammonia oxidation process (Fig. 10) . For the catalysts calcined at 600°C (HT-600-Cu 0.6 Mg 1.4 Al 1.0 and HT-600-Cu 0.6 Zn 1.4 Al 1.0 ) oxidation of ammonia started at about 225°C and its conversion gradually increased to 350°C, where NH 3 was completely oxidised in the reaction mixture. For both these catalysts a very similar activity was measured; however, they significantly differentiated in the selectivity of the reaction, especially at temperatures above 350°C. Dinitrogen was the main product of ammonia oxidation; however, its contribution to the reaction products gradually decreased, while the content of NO increased, at elevated temperatures. The selectivity to N 2 decreased at 500°C to 72 and 52 % for the process performed in the presence of HT-600-Cu 0.6 Mg 1.4 Al 1.0 and HT-600-Cu 0.6 Zn 1.4 Al 1.0 , respectively. An increase in calcination temperature to 900°C decreased the activity of both the catalysts, which were able to completely oxidise ammonia in reaction mixture at temperature as high as 500°C. This effect could be explained by decrease in surface area of the samples calcined at higher temperatures (Table 1) as well as the formation of more aggregated copper oxide species of lower reducibility. Another difference is related to significant changes in the selectivity to reaction products. For HT-900-Cu 0.6 Mg 1.4 Al 1.0 the selectivity to dinitrogen decreased at higher temperature (43 % at 500°C), while for HT-900-Cu 0.6 Zn 1.4 Al 1.0 this effect was not so significant (74 % at 500°C). Such significant differences in selectivity to dinitrogen could be explain by various redox properties of copper species present in both samples. Reduction of copper species in the HT-900-Cu 0.6 Zn 1.4 Al 1.0 sample occurred at temperature significant higher than in the case of HT-900-Cu 0.6 Mg 1.4 Al 1.0 (Fig. 7) . Therefore, the oxidation of the ammonia to NO in the presence of the former catalysts is probably much slower and selectivity to dinitrogen is higher than that observed for HT-900-Cu 0.6 Mg 1.4 Al 1.0 . Figure 11 presents the results of catalytic tests for the Cu 0.6 Mg 1.4 Fe 1.0 and Cu 0.6 Zn 1.4 Fe 1.0 samples calcined at 600 or 900°C. The HT-600-Cu 0.6 Mg 1.4 Fe 1.0 sample was found to be more active in the low temperature range compared to the other catalysts. Oxidation of ammonia started at temperatures as low as 175°C, while complete ammonia conversion in the reaction mixture was achieved at 375°C. Dinitrogen was the main reaction product and its selectivity did not drop below 76 % in the studied temperature range. An increase in calcination temperature of the Cu 0.6 Mg 1.4 Fe 1.0 sample to 900°C decreased both the activity of the catalysts as well as its selectivity to dinitrogen. This effect could be explained by very significant decrease in surface area of the sample calcined at higher temperature (from 42 to 2 m 2 g -1 , Table 1 ) as well as the formation of more aggregated copper oxide species with lower reducibility (Fig. 7) , which catalytically operate at higher temperatures. The HT-600-Cu 0.6 Zn 1.4 Fe 1.0 catalyst was found to be less active than HT-600-Cu 0.6 Mg 1.4 Fe 1.0 , especially in the low temperature range. Additionally, this catalyst showed very poor selectivity to dinitrogen, which dropped to 17 % at 425°C. At higher temperatures the selectivity to N 2 increased probably due to a significant contribution of ammonia oxidation in the gas phase. An increase in calcination temperature resulted in a significant decrease in surface area (from 10 to 2 m 2 g -1 , Table 1 ); therefore, it is not surprising that the HT-900-Cu 0.6 Zn 1.4 Fe 1.0 catalyst was found to be less active and more selective to dinitrogen than HT-600-Cu 0.6 Mg 1.4 Fe 1.0 . The differences in activity and selectivity observed for HT-900-Cu 0.6 Mg 1.4 Fe 1.0 and HT-900-Cu 0.6 Zn 1.4 Fe 1.0 samples could be related to significant differences in redox properties of these catalysts. The low-temperature peak of copper species reduction, present in the reduction profile of HT-600-Cu 0.6 Mg 1.4 Fe 1.0 , appeared at temperature lower by 60°C than for HT-900-Cu 0.6 Zn 1.4 Fe 1.0 (Fig. 7) . Therefore, the rate of ammonia oxidation to NO is higher in the presence of the HT-600-Cu 0.6 Mg 1.4 Fe 1.0 catalyst.
For the most active catalysts, HT-600-Cu 0.6 Mg 1.4 Al 1.0 and HT-600-Cu 0.6 Mg 1.4 Fe 1.0 , additional long-term stability tests were done (Fig. 12) . As it can be seen, only small changes in ammonia conversion and selectivity to the N-containing reaction products were observed during 500 min of the catalytic test. Therefore, these catalysts presented high catalytic stability and could be promising candidates for the next stage of studied focussed on their commercialisation.
Analysis of the results of catalytic tests leads to the conclusion that the activity of the catalysts is determined mainly by the presence of copper oxide phases and their redox properties. It was found that for the samples containing easily reduced copper oxide phases higher catalytic activity in the low temperature range was observed. Iron introduced into Cu 0.6 Mg 1.4 Fe 1.0 calcined at 600°C the selectivity to dinitrogen was significantly higher than for the analogous samples containing zinc. However, the opposite selectivity order was found for these samples calcined at 900°C. In our previous paper [27] , the internal SCR mechanism (i-SCR) for ammonia oxidation over the hydrotalcite derived Cu-Mg-Fe oxide catalysts was proposed. According to this mechanism some ammonia is oxidised to NO, while in the second step NO is reduced by the remaining ammonia to N 2 and H 2 O. N 2 O is a possible side product of the NO reduction process. Thus, the active and selective catalysts of ammonia oxidation should be able to catalyse ammonia oxidation to NO as well as reduction of NO with ammonia to N 2 and H 2 O. Of course the relative rate of both these reactions is a key factor in determining the selectivity of the whole process. A higher rate of ammonia oxidation to NO results in lower selectivity to dinitrogen, while a higher rate of NO reduction by ammonia should not only lead to higher selectivity to dinitrogen but also lower catalytic activity. Copper was reported to be active in the low-temperature ammonia oxidation and SCR processes, while iron was found to be active in NO reduction by ammonia at higher temperatures [27] . The results of catalytic tests show that selectivity to dinitrogen strongly depends on calcination temperature, which determines the phase composition and crystallinity of the phases present in the samples. It seems that the most important are copper oxide phases, which, depending on their composition and aggregation, strongly influence the final selectivity of the process. Such an important role was not found for iron oxide species, which modified the catalytic performance of the catalysts only in the high temperature region.
Conclusions
Calcined Cu-Mg-Al, Cu-Mg-Fe and Cu-Zn-Al hydrotalcites were found to be active catalysts for the selective oxidation of ammonia. The activity of these catalysts depended on their chemical composition as well as calcination temperature. Calcination of Cu-Mg-Al hydrotalcite at 600°C resulted in the formation of an amorphous structure in which MgO dominated, while for calcined Cu-Mg-Fe and Cu-Zn-Al hydrotalcites CuO, MgO, Fe 2 O 3 , ZnO and mixed oxides with spinel phases were identified. An increase in calcination temperature to 900°C resulted in a significant increase in the crystallinity of the phases formed at lower temperatures. Additionally, the formation of Cu 2 MgO 3 phase was observed for both Cu-Mg-Al and Cu-Mg-Fe. These catalysts presented high catalytic stability in the long-term reaction tests. An increase in calcination temperature significantly decreased the surface area of the samples, especially for the Fecontaining catalysts and additionally, shifted the process of the copper species reduction into higher temperatures. Hydrotalcites calcined at 900°C were significantly less active in comparison to the samples calcined at 600°C. Catalytic performance of the studied samples is determined mainly by the presence of copper oxide phases and their redox properties. The catalysts containing easily reduced copper oxide species presented not only catalytic activity at lower temperatures but also significant decrease in selectivity to nitrogen at higher temperatures. 
